Cemented carbide plungers are used in hyper compressors to compress ethylene gas to the reactor pressure between 160 and 350 MPa. Since cemented carbide is a brittle material, the failure load is determined by the nature and distribution of defects. This makes the plunger one of the most critical components in the LDPE production plant. Plunger failure can lead to very high costs because of damage on the compressor and production loss and in the worst case it can cause very high gas leakages that can lead to an explosion and fire.
INTRODUCTION
In the production of Low Density Polyethylene, polymerization of ethylene to LDPE takes place in a reactor at 160-350 MPa pressure. The ethylene gas is compressed to the reaction pressure in a reciprocating plunger compressor also called hyper compressor. In order to seal the gas, only metallic (bronze) seal rings can be used. This requires a wear resistant plunger material that combines the necessary mechanical properties and wear resistance for these extreme conditions. The only material that has these properties is cemented tungsten carbide. Even though cemented carbide has very high mechanical properties, it is a brittle material. This means that the failure load is determined by the nature and distribution of defects. It also implies that a plunger fracture occurs instantly with almost no preceding deformation. Most of the time plunger cracks that can lead to plunger fracture remain undetected by monitoring systems since these cracks do not lead to vibration, run-out, excessive leakage or temperature rise. Therefore it is very important that the plungers are made of very homogeneous and pure powder with the best possible process technology. Avoiding plunger failures is not only restricted to the plunger itself, but also involves the packing rings and cups, plunger lubrication, corrosive components in the gas, proper assembly and correct maintenance of the plunger.
In this paper the properties of cemented tungsten carbide are explained and related to plunger defects. The direct and indirect causes of plunger defects, especially thermomechanical fatigue cracks and corrosion defects are discussed. In order to reduce corrosion, a new cemented carbide material for plungers has been developed and successfully tested. Finally the carbide plunger refinishing and inspection techniques that are used to detect and remove defects are discussed. 
HIP

CEMENTED CARBIDE
Cemented carbide used for plungers is a powder metallurgically processed material consisting of a ceramic hard phase and a metallic binder (cement). The technical term for these materials is cermet. For hyper compressor plungers, the hard phase is WC, while the binder is Co metal (Fig. 1) . Some minor other carbides and metallic elements may be added to improve certain properties. The tungsten carbide hard phase provides for wear resistance while the metal binder guarantees toughness. This is the major difference with technical ceramics where there is no metallic binder which makes ceramics too brittle to be used for plungers. After the WC powder is mechanically mixed with Co and paraffin wax, it is compacted in a Cold Isostatic Press. The so called "green" part obtained after CIP has very little strength, but can be machined on a vertical lathe. In order to increase the strength the part can be pre-sintered. The diameter and length are machined in order to obtain a part that is as close as possible to the final plunger dimensions taking into account the volumetric shrink of about 20% during sintering. The center holes are also machined. After green machining the plunger is sintered. For cemented carbide, liquid sintering is used. During this process the Co becomes liquid (+/-1400°C) and wets the WC particles that partly dissolve in the Co. Upon cooling down, the WC is precipitated back out of the liquid phase. When a sinter-HIP furnace is used, Ar gas is introduced at the end of the sinter cycle at a pressure of about 6 to 10 MPa in order to consolidate the carbide. The sinter-HIP process also prevents the formation of Co lakes. After sintering or sinterHIPing, the plungers can be HIPed. During the HIP process, the plungers are heated in a pressure vessel to a temperature below the solidus temperature of Co at a gas pressure of about 100 MPa. All residual pores are entirely removed during the HIP process which is very important for a brittle material since its mechanical properties are determined by defects. Mechanical properties for GC20 material that has been developed for hyper compressor plungers are shown in Fig. 3 and compared with properties of the standard plunger material GTi 20. These data were confirmed in extensive mechanical fatigue and fracture tests done at the UPC in Barcelona (Ref. 1). These tests also revealed a very high Weibull modulus for the GC20 material which is an indication of a high mechanical reliability. Weibull modulus values between 10 and 20 are considered as good enough for reliable structural design. The values obtained for GC20 (m=35.0 and m=26.6) are therefore exceptional. (Fig. 4. ) 
PLUNGER DEFECTS
Corrosion
CTD reconditions an average of 150 plungers every year. These plungers are used in hyper compressors like Burckhardt, GENuovo Pignone, Ingersoll-Rand, Clark, Cooper, Esslingen, both for production of LDPE homopolymers and ethylene copolymers like vinyl acetate copolymer (EVA), ethylene ethyl acrylate (EEA), ethylene methyl acrylate (EMA), ethylene nbutyl acrylate and acid copolymers like ethylene acrylic acid (EAA) and ethylene methacrylic acid (EMAA). On most of the plungers corrosion is found. The problem with corrosion on hyper compressor plungers is that it destroys the surface integrity and increases roughness. The increased friction coefficient causes excessive wear of the packing rings, bronze build-up and rise of the surface temperature. Causes of plunger corrosion: -corrosive comonomer injected before the hyper compressor -recycled gas containing corrosive monomers -reaction products that find their origin in the lubrication oil and the oxygen catalyst (Ref . 2) -humidity -improper handling (human saliva, finger prints) -corrosive cleaning products Consequences of plunger corrosion:
-increased roughness -increased friction -bronze build-up on plunger -excessive packing ring wear -plunger vibration -carbide pull-out -crack initiation which can lead to a catastrophic plunger failure
GC20 corrosion resistant plunger material
Some of the above mentioned causes of corrosion cannot be prevented because they are inherent to the process. Therefore it was important to develop materials that are more corrosion resistant. The problem however is that these corrosion resistant materials need to have mechanical properties that are suitable for the use in high pressure and high fatigue applications. This is even more so for cemented carbide since it is a brittle material. WC will not be attacked by most of the corrosive products and environments; the problem is the Co binder that has a limited corrosion resistance. Co is used as preferable binder because it has the best wetting properties and it gives the best mechanical properties in the finished part. Although Co has an hexagonal closed packed (HCP) structure below 417°C, in cemented carbide the face centered cubic (FCC) structure is stabilized because of W and C solution in the Co. Since FCC structures have more slip planes than HCP structures, this structure provides a better ductility. Replacing the Co binder by a more corrosion resistant metal or alloy for hyper compressor plungers is only allowed when the mechanical properties are not reduced.
A cemented tungsten carbide material has therefore been developed with Co binder and with additives that provide a better corrosion resistance while maintaining very high mechanical properties ( Fig. 3 and 4) . Long term corrosion tests have been done at 50°C for 28 days (1) in 40% acrylic acid and (2) in 40% metacrylic acid (Ref. 10) . The results are given in Fig. 5 . As can be seen, the depth of attack in the corrosion resistant grade GC20 is for both corrosive products much lower (6x) than in the standard 12%Co grade GTi20. These tests have been confirmed by tests done by one of the leading LDPE manufacturers who did long term corrosion tests (1) at 50°C for 28 days in 50% acetic acid with a corrosion depth about 3x lower for GC20 compared to GTi20 and 10x lower compared to another plunger material and (2) in 40% acrylic acid with a corrosion depth about 15x lower than for GTi20.
These results are confirmed when plungers are sent to CTD for reconditioning. GC20 plungers after use in acid copolymer production, but also in standard homopolymer production reveal less corrosion so that they don't have to be ground while almost 90% of standard plungers have to be ground. This increases the lifetime of a plunger considerably.
Some typical examples of corrosion are shown in Fig. 6-8 . A typical phenomenon that is often seen on plungers is the fact that corrosive products are built up at the end of the stroke of the pressure breaker ring or the low pressure packing. This leads to circumferential attack of the plunger surface. Another typical form of corrosion is crevice corrosion that arises when the compressor is idle in which case a clear "print" of the packing ring on the plunger surface can be seen. (Fig. 8.) Corrosion caused by humidity during storage, transport or in compressors where part of the plunger is in open air can be seen in Fig.9 . 
Thermo-mechanical fatigue cracks
Thermo-mechanical fatigue cracks are the most critical defects in plungers because they can lead to a catastrophic plunger failure. The mechanical properties of cemented carbide are such that a plunger in a hyper compressor cylinder will never break just because of external mechanical forces exerted on the plunger. The transverse rupture strength of cemented carbide used for plungers being more than 3000 MPa. (Ref 3 ) Plunger fracture is a multi-step process involving crack nucleation, subcritical crack growth by fatigue, and final fracture when the crack reaches a critical size. The direct cause of a plunger fracture is almost always the existence of thermomechanical fatigue cracks also called heat checks. These heat checks always appear as parallel cracks perpendicular to the plunger axis. (Fig.10) . These cracks can initiate at any defect, but also at a flawless surface. Because of local lack of lubrication, the surface temperature will rise and the material will expand in all directions stressing the subsurface layer in tension. When the tensile stress caused by the axial frictional force superimposed to the thermal expansion stress is large enough, a crack will be initiated. The lack of lubrication can have many causes like corrosion followed by bronze build-up, or polymerization in the cylinder around the packing rings preventing it to move freely. Friction force is always in the direction of plunger movement and that is the reason why the cracks are always perpendicular to the plunger axis. A crack that arises in this way is a weak spot because of its free surfaces. The still existing friction force can tear away pieces of carbide leaving a damaged surface (Fig. 11, Fig. 13 ). This will lead to further wear and damage of the packing rings and sometimes to high gas leakages in which case the compressor will be shut down before plunger fracture occurs. Another route is that one or more cracks will start to grow because of bending stresses caused by mechanical loads on the plunger. These mechanical loads can be caused by the fact that polymerization around the packing rings misaligns the packing ring, creating a force normal to the plunger surface. Another possibility is that a bending force is caused by metal build-up on the plunger surface caused by lubrication problems or by surface corrosion (Fig. 12) . When a crack reaches a supercritical depth, than the plunger will break. (Fig 10. ) The crack will only continue to grow when the external forces are large enough. As explained in Ref. 4 , external bending stresses can never break a plunger even when a heat check is present, the only way a plunger will break is by fatigue crack growth that can occur when a bending force is present. Whether or not a crack will grow to a super broken out carbide critical depth, is determined by the fracture toughness K IC of the material. Fracture toughness is an indication of the amount of stress needed to propagate a preexisting crack. It gives an indication of how fast an existing crack will grow under an external load. In Fig. 13 a crack is shown with a depth of 800 µm. This crack was one of many cracks found in a plunger that was broken in another area (Fig. 10.) . As can be seen, a piece of carbide at the surface was almost broken out. 
PLUNGER RECONDITIONING
In order to prevent catastrophic plunger failure, one should take every opportunity to inspect carbide plungers. When the plunger surface is not in perfect condition, the plunger has to be reconditioned. During this reconditioning, the plunger is first cleaned and then inspected visually and by microscope. Dimensions are taken and everything is noted on a scroll-out report while typical and important defects are photographed and their position noted. After removing any remaining polymer and metal adhesion by diamond film polishing, a fluorescent dye penetrant is done in order to detect cracks. Specific products have to be used following a procedure that has been developed specially for hyper compressor plungers. This dye penetrant is not a guarantee to detect all cracks, because only cracks that are open and large enough will be detected by dye penetrant. Microscopic inspection at 120x is a much better technique to detect cracks, but this technique requires an experienced eye. After visual inspection and dye penetrant, the decision can be made whether the plunger has to be ground or only polished. Defects like corrosion, metal adhesion, deep axial wear and cracks, can only be removed by grinding. Also when there is an diametrical difference of more than 0.02 mm along the plunger surface, the plunger should be ground since polishing will only copy the surface profile.
Grinding of cemented carbide plungers is a very complex operation because of the unusual combination of very high hardness and toughness of the cemented carbide. During grinding one has to avoid that the surface temperature becomes too high since this will induce tensile residual stresses on and just below the surface. A surface under tensile stress will not only be much more prone to crack initiation than a surface under compressive stress, it will also not stop an existing crack from growing. When cemented carbide is ground correctly, compressive residual stresses will be created on the surface (Ref. [5] [6] [7] . This is thought to be caused by the mechanical impact of the diamond abrasive on the cemented carbide during grinding. This means that grinding of a plunger also when it is reconditioned, has a beneficial effect on the crack initiation resistance. This beneficial effect compensates largely the fact that the diameter of the plunger is reduced more than when it is only polished. However, in order to obtain compressive stresses after grinding some conditions have to be fulfilled. First of all, a very stable grinding machine has to be used and following grinding parameters have to be optimized: transverse feed, infeed, cutting speed and cooling. Secondly the correct grinding wheel has to used. The only abrasive that can be used to grind cemented tungsten carbide is diamond. The correct choice of diamond wheel is very difficult because it depends on many parameters like: diamond grit size, diamond concentration, binder material, wheel body, wheel dressing and balancing.
The grinding machine used by CTD to grind plungers is shown in Fig. 14 . When the grinding parameters and the grinding wheel are not optimized, high surface temperatures can arise, creating tensile residual stresses that reduce the compressive residual stresses.
Aside from the residual stresses, geometrical factors can also play an important role in the proper functioning of the plunger in the compressor. Insufficient stability, inadequate cooling, improper wheel dressing and balancing will lead to grind chatter marks (Fig. 15.) and grinding spirals. These geometrical defects will have a negative effect on the seal effect and the life time of the wear rings. 
RESIDUAL STRESS MEASUREMENT
In order to determine the grinding parameters and the type of diamond wheel, residual stress measurements were carried out on plungers. The residual stress was measured on a used plunger and compared with ground plungers and plungers that were ground and subsequently polished. An Xstress 3000 Xray diffractometer from the company Stresstech (Fig. 18 ) was used to measure the residual stresses. The measurement is based on Bragg's Law:
The inter-planar spacing "d" (Fig. 16.) of a material that is free from strain will produce a characteristic diffraction pattern for t h a t m a t e r i a l . ( R e f . 8 , 9 ) W h e n a m a t e r i a l i s s t r a i n e d , elongations and contractions are produced within the crystal lattice, which change the inter-planar spacing of the lattice planes. This induced change in "d" will cause a shift in the diffraction pattern. By measurement of this shift, the change in the inter-planar spacing can be evaluated and thus the strain within the material deduced. Using Hooke's law: = E the stresses that are linked to the strains can be calculated.
Fig 16. Diffraction of X-rays by a crystal lattice
To measure residual stresses the sin² method is used where is the angle between the measured plane and the normal to the surface. (Fig. 17) A number of XRD measurements are made at different tilts. The inter-planar spacing d is measured using Bragg's Law and plotted against the sin² values. The results of these measurements on used, ground and polished plungers can be seen in Table 1 The measurement results confirm that grinding of used plungers has a beneficial effect since it increases residual compressive stresses on the plunger surface with up to 70%. Therefore it is advised to grind a plunger even though it is not necessary.
After grinding the plungers have to be polished in order to obtain the lowest possible roughness. The maximum roughness for hyper compressor plungers is Ra = 0.005 µm measured by tactile stylus measurement according to ISO 3274 and ISO 4287. This low roughness is necessary in order to reduce friction and wear between the plunger and packing seal rings. The very low roughness is also needed in order to be able to detect all remaining defects during final microscopic i n s p e c t i o n . A s c a n b e s e e n f r o m t h e r e s i d u a l s t r e s s measurements, polishing the plunger after grinding reduces the residual compressive stress considerably with more than 50%. All the more reason to first grind the plunger.
CONCLUSIONS
Manufacturing process and properties of cemented carbides were discussed and related to their use as hyper compressor plungers.
Corrosion and thermo-mechanical fatigue cracks, the most frequently occurring plunger defects, were discussed. A special corrosion resistant plunger material was developed to reduce plunger corrosion while the mechanical properties are superior to standard materials.
Finally plunger reconditioning techniques were reviewed and more in particular the beneficial influence of grinding on residual stresses was tested on used and ground plungers. The tests confirmed that grinding resulted in an increase in compressive residual stresses on the plunger surface.
